**Core tip:** We investigated interleukin (IL)-26 expression in the inflamed mucosa of patients with inflammatory bowel disease (IBD) and characterized the biological function of IL-26 using human colonic subepithelial myofibroblasts. To our knowledge, this is the first report to state that IL-26 activates STAT1/3 and leads to the induction of IL-6 and IL-8 expression in non-transformed cells derived from human colon. We suggest that IL-26 plays a role in the pathophysiology of IBD through the induction of inflammatory mediators.

INTRODUCTION
============

Inflammatory bowel diseases (IBD) comprise two major phenotypes, Crohn's disease (CD) and ulcerative colitis (UC). Recent studies suggest that the chronic inflammation in IBD is mediated by uncontrolled immune responses against a subset of luminal bacteria and dietary factors\[[@B1]-[@B3]\]. This hypothesis is supported by the recent finding that the genes encoding innate immune responses are responsible for the susceptibility to IBD\[[@B4]-[@B6]\]. However, the precise etiology of IBD still remains unclear.

Interleukin (IL)-26 is a member of the IL-10 cytokine family. IL-26 was first discovered in *herpesvirus saimiri*-transformed T-cell lines by subtractive hybridization\[[@B7]\]. IL-26 has been reported to be co-expressed with IL-17 and IL-22 by Th17 cells\[[@B8]-[@B10]\], and recent studies have reported that natural killer cells\[[@B11],[@B12]\], macrophages\[[@B13]\], and fibroblast-like cells\[[@B14],[@B15]\] are sources of IL-26. A murine IL-26 homologue has not been identified\[[@B16],[@B17]\], limiting the experimental opportunities to study the phenotypic consequences of IL-26 gene knockout and IL-26-mediated functions in murine models *in vivo*.

Although IL-19, IL-20, and IL-24, members of IL-10 cytokine family, are located in proximity to the IL-10 gene on human chromosome 1q32, IL-26 is located on chromosome 12q15 between the genes encoding IFN-γ and IL-22\[[@B18]\]. For its signaling, IL-26 requires the heterodimeric receptors composed of IL-20R1 and IL-10R2\[[@B19]\]. The transmembrane protein IL-20R1 has been shown to possess the specific ligand-binding site for IL-26, whereas the IL-10R2 subunit acts as an essential second chain that completes the assembly of its active receptor complex and signaling\[[@B20]\]. IL-22, IL-26, IL-28A/B and IL-29 also use IL-10R2 for their signaling. IL-10R2 is ubiquitously expressed in various tissues, but the expression of IL-20R1 is absent in hematopoietic cells and is restricted within non-hematopoietic cells\[[@B19],[@B21]\].

Previous reports have suggested that intracellular signaling of IL-26 is mediated by the Janus kinase-signal transducer and activator of transcription (STAT) pathway\[[@B16],[@B20]\]. Additionally, IL-26 has been reported to activate extracellular signal-related kinase (ERK)-1/2, stress-activated protein kinase/c-Jun N-terminal kinase (SAPK/JNK), p38 mitogen-activated protein kinase and phosphoinositide 3-kinase (PI3K) in various kinds of cells\[[@B7],[@B16],[@B20],[@B22]\].

Human colonic subepithelial myofibroblasts (SEMFs) are located immediately subjacent to the basement membrane in the normal intestinal mucosa, juxtaposed against the bottom of the epithelial cells\[[@B23]-[@B25]\]. These cells are considered to play a role in the regulation of a number of epithelial cell functions, such as epithelial proliferation and differentiation. Isolated SEMFs retain their representative and differentiated phenotypes\[[@B23]\].

Recent studies have demonstrated that IL-26 is involved in the pathophysiology of chronic inflammatory disorders, such as rheumatoid arthritis\[[@B15]\] and chronic hepatitis C infection\[[@B26]\]. Concerning IBD, the pathological role of IL-26 has been reported in CD, but remains unclear in UC\[[@B16]\]. In addition, functional analysis of IL-26 has been studied using a transformed cell line, but there are no reports using primary culture cells. In the present study, to explore the potential role of IL-26 in IBD, we investigated the expression of IL-26 in the inflamed mucosa of UC and CD patients. Furthermore, the biological functions and the intra-cellular signal pathways activated by IL-26 were investigated in human colonic SEMFs.

MATERIALS AND METHODS
=====================

Reagents
--------

All reagents and antibiotics used in this study were commercially purchased as shown in Supplementary Table [1](#T1){ref-type="table"}.

###### 

Oligonucleotides used in this study

  **Gene name**   **Accession number**                      **Primers**
  --------------- --------------------------------- ------- --------------------------------
  *IL-26*         NM_018402.1                       Sense   5'-GGCAGAAATTGAGCCACTGT-3'
  Antisense       5'-TCCAGTTCACTGATGGCTTTG-3'               
  *IL-10R2*       NM_000628.4                       Sense   5'-GGCTGAATTTGCAGATGAGCA-3'
  Antisense       5'-GAAGACCGAGGCCATGAGG-3'                 
  *IL-20R1*       NM_014432.3                       Sense   5'-TACACCCCTCAGCTCCAAGACT-3'
  Antisense       5'-GAAGGAATTACACAGCCTGCCAG-3'             
  *IL-6*          NM_000600.4                       Sense   5'-GGTACATCCTCGACGGCATCT-3'
  Antisense       5'-GTGCCTCTTTGCTGCTTTCAC-3'               
  *IL-8*          NM_000584.3                       Sense   5'-ATGACTTCCAAGCTGGCCGTGGCT-3'
  Antisense       5'-TCTCAGCCCTCTTCAAAAACTTCTC-3'           
  *β-actin*       NM_001101.3                       Sense   5'-TGACCCAGATCATGTTTGAGACCT-3'
  Antisense       5'-CCACGTCACACTTCATGATGGAG-3'             
  *STAT1*         NM_139266                         Sense   5'-GGAAGGGGCCATCACATTCA-3'
  Antisense       5'-GTAGGGTTCAACCGCATGGA-3'                
  *STAT3*         NM_003150.3                       Sense   5'-GGAGGAGTTGCAGCAAAAAG-3'
  Antisense       5'-GGAGGAGTTGCAGCAAAAAG-3'                
  *c-jun*         NM_002228.3                       Sense   5'-CAGGTGGCACAGCTTAAACA-3'
  Antisense       5'-GTTTGCAACTGCTGCGTTAG-3'                
  *NF-κBp65*      NM_003998.3                       Sense   5'-CGCATCCAGACCAACAACAA-3'
  Antisense       5'-GCATTCAGGTCGTAGTCCCC-3'                

Tissue samples
--------------

The diagnosis of IBD was based on conventional clinical and endoscopic criteria. Surgically-resected specimens and biopsy specimens from 49 patients with UC and 19 patients with CD were used after obtaining written informed consent. All experiments were approved by the local ethics committee of the Shiga University of Medical Science (Permit number: 27-27).

The clinical activity of IBD was determined according to the colitis activity index for UC\[[@B27]\] and CD activity index\[[@B28]\]. Normal colonic tissues were obtained from the distal part of the surgically resected sample of colon cancer (*n =* 3) and using colonoscopy (*n =* 17).

Immunohistochemistry
--------------------

Immunohistochemical analyses were performed according to the method described in our previous report\[[@B29]\]. Briefly, goat anti-IL-26, goat anti-IL-20R1 and rabbit anti-IL-10R2 were used as the primary antibodies. After incubation with the primary antibodies, the sections were treated with HRP-labeled anti-goat or anti-rabbit antibodies. Diaminobenzidine was used as a substrate for color development.

For double-staining procedures, anti-IL-20R1 or anti-IL-10R2 antibodies were applied and incubated overnight in a humidified chamber. Subsequently, anti-α-smooth muscle actin (SMA) antibodies were applied and incubated overnight. Dylight488-labeled anti-goat IgG, Dylight549-labeled anti-mouse IgG, or Dylight549-labeled anti-mouse IgG were used as secondary antibodies. Images were obtained with a digital confocal laser scanning microscope LSM510 version 3.0 (Carl Zeiss Microscopy, Tokyo, Japan).

Culture of human colonic SEMFs
------------------------------

Primary cultures of colonic SEMFs were prepared according to the method reported by Mahida et al\[[@B30]\]. The cellular characteristics and culture conditions have also been described in our previous report\[[@B31]\]. The studies were performed on passages 3-6 of SEMFs.

Reverse transcription-polymerase chain reaction and Real-time polymerase chain reaction
---------------------------------------------------------------------------------------

The expression of mRNA in the samples was assessed by reverse transcription polymerase chain reaction (RT-PCR) and real-time PCR analysis. RT-PCR was performed according to the methods described in our previous report\[[@B32]\]. Total RNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, United States) and was reverse transcribed using SuperScript II (Invitrogen). Subsequently, cDNAs were generated using SYBR Premix Ex Taq (TAKARA, Shiga, Japan), and real-time PCR was performed using a LightCycler480 System II (Roche Diagnostics, Basel, Switzerland) with specific primers for target genes. The PCR primers used in this study are shown in Table [1](#T1){ref-type="table"}.

Enzyme-linked immunosorbent assay
---------------------------------

Concentrations of IL-6 and IL-8 in cell culture supernatants were determined using ELISA kits (R&D systems, Minneapolis, MN, United States).

Silencing gene expression in human colonic SEMFs
------------------------------------------------

Human colonic SEMFs were transfected with siRNA specific for STAT1, STAT3, nuclear factor (NF)-κBp65, and c-Jun according to the instructions for Lipofectamine RNAiMAX (Invitrogen). Briefly, human colonic SEMFs were cultured in complete medium without antibiotics in the presence of a mixture of an RNAi duplex and Lipofectamine RNAiMAX for 24 h, and were then stimulated with or without IL-26 for 3 h.

Nuclear and cytoplasmic protein extraction and immunoblot analysis
------------------------------------------------------------------

Nuclear proteins were extracted using the CelLytic NuCLEAR Extraction Kit (Sigma-Aldrich, St. Louis, MO, United States). Extracted nuclear proteins were subjected to immunoblotting with rabbit anti-NF-κBp65 (C-20) antibody or mouse anti-phospho (P)-c-Jun (KM-1) antibody, followed by incubation with HRP-labeled anti-rabbit antibody or HRP-labeled anti-mouse antibody. Immunoblots were performed according to a method previously described\[[@B33],[@B34]\]. Signal detection was performed using the enhanced chemiluminescence Western blot system (GE Healthcare, Little Chalfont, United Kingdom).

Cytoplasmic protein was extracted using a lysis buffer \[50 mmol/L Tris pH 8.0, 0.5% Nonidet P-40, 1 mmol/L EDTA, 150 mmol/L NaCl, 2 mmol/L Na~3~VO~4~, 1 mmol/L NaF, 20 mmol/L Na~4~P~2~O~7~, 1 mmol/L PMSF, 10% glycerol and complete Mini Protease Inhibitor Cocktail (Roche Diagnostics)\]. Extracted protein was subjected to immunoblotting with antibodies against phospho-p44/42 MAPK (ERK1/2), p38 MAPK, or SAPK/JNK, Akt, STAT1, or STAT3 followed by incubation with HRP-labeled anti-rabbit antibody or HRP-labeled anti-mouse antibody. After detection as described above, the membrane was stripped using Restore Western Blot Stripping Buffer (Thermo Scientific Inc., Waltham, MA) and was then incubated with antibodies against total-p44/42 MAPK (ERK1/2), p38 MAPK, SAPK/JNK, Akt, STAT1, or STAT3.

Statistical analysis
--------------------

Single comparisons were analyzed using the nonparametric Mann-Whitney *U* test. Differences resulting in *P* values of less than 0.05 were considered to be statistically significant. The statistical methods of this study were reviewed by a biomedical statistician from Shiga University of Medical Science.

RESULTS
=======

IL-26 expression in IBD mucosa
------------------------------

The mRNA expression of IL-26 in the inflamed mucosa of IBD patients was evaluated using real-time PCR. As shown in Figure [1](#F1){ref-type="fig"}, IL-26 mRNA expression was faintly detected in normal mucosa. The mucosal mRNA expression of IL-26 was significantly higher in active UC patients than in the inactive UC mucosa and normal mucosa. Similar findings were also observed in the inflamed mucosa of CD patients. The average level of IL-26 mRNA expression was significantly higher in active CD mucosa than in active UC mucosa.

![Expression of interleukin-26 mRNA in the inflamed mucosa of patients with inflammatory bowel disease. Total RNA was extracted from biopsied samples, and the mRNA expression of IL-26 was evaluated using real-time PCR. IL-26 mRNA expression was converted to a value relative to β-actin mRNA expression and presented as fold-increase relative to the results for normal mucosa. Data are expressed as mean ± SE. Normal mucosa, *n* = 20; active UC, *n* = 26; inactive UC, *n* = 23; active CD, *n* = 9; inactive CD, *n* = 10. ^a^*P* \< 0.05 UC active *vs* UC inactive, ^b^*P* \< 0.01 Normal *vs* UC active, Normal *vs* UC inactive, Normal *vs* CD active, UC active *vs* CD active, CD active *vs* CD inactive. IL: Interleukin; CD: Crohn's disease; UC: Ulcerative colitis.](WJG-23-5519-g001){#F1}

IL-26 protein expression was evaluated by immunohistochemical analysis. IL-26 positive cells were not detected in normal mucosa, but the number of IL-26 positive cells markedly increased in the inflamed mucosa of UC and CD patients (Figure [2A](#F2){ref-type="fig"}). Moreover, the number of IL-26 positive cells more increased in the inflamed mucosa of CD patients as compared to in the inflamed mucosa of UC patients (Figure [2A](#F2){ref-type="fig"}). This result was confirmed by the results from Figure [1](#F1){ref-type="fig"}. Furthermore, to identify the cellular source of IL-26, double staining was performed. As shown in Figure [2B](#F2){ref-type="fig"}, double staining studies indicated that IL-26-positive cells were positive for CD4 (T cell), CD56 (NCAM; NK cell), or CD68 (macrophage). These findings indicated that CD4^+^ T cells, NK cells, and macrophages were the cellular sources of IL-26 in the inflamed mucosa of UC and CD patients.

![Immunohistochemical analyses of interleukin-26 in the inflamed mucosa of inflammatory bowel disease patients. A: Immunostaining for IL-26 in normal mucosa and inflamed mucosa of UC and CD. Pictures are shown from one of four independent samples with similar results. Magnification; upper panel × 200, lower panel × 400; B: Dual-colored immunofluorescence was used to determine the expression of IL-26 (green fluorescence) and CD4, CD56 and CD68 (red fluorescence) in inflamed mucosa of UC patients. Double-positive cells were detected by yellow fluorescence. Pictures are shown from one of four independent samples with similar results. IL: Interleukin; CD: Crohn's disease; UC: Ulcerative colitis.](WJG-23-5519-g002){#F2}

IL-26 receptor expression in SEMFs
----------------------------------

We looked for the presence of either IL-20R1 or IL-10R2 in the inflamed mucosa of IBD patients. It has been reported that the expression of IL-20R1 is restricted in non-hematopoietic cells, while IL-10R2 is ubiquitously expressed\[[@B19],[@B35]\]. The tissue samples from the normal, the active IBD and inactive IBD were double stained with anti-α-SMA, a marker for myofibroblasts, and IL-20R1 or IL-10R2. As shown in Figure [3A](#F3){ref-type="fig"}, IL-20R1 was expressed in epithelial cells and in some of the other cells in the submucosa, and the cells in the subepithelial region also stained with α-SMA. IL-10R2 expression was detected in various cells including epithelial cells and leukocytes, and the cells at the subepithelial region also stained with α-SMA. The expression levels of IL-20R1 and IL-10R2 were not different between in the mucosa from the normal and in the active or inactive mucosa from IBD patients. These results suggested that human colonic SEMFs are expressing the IL-26 receptor.

![Immunohistochemical analyses of interleukin-26 receptor expression in normal and active/inactive inflammatory bowel disease mucosa. A: Dual-colored immunofluorescence was used to localize α-SMA (red fluorescence) and IL-26 receptor, IL-10R2 and IL-20R1 (green fluorescence). Dual positive immunostaining can be seen as yellow fluorescence in the merged images. Pictures are shown from one of four independent samples with similar results. Magnification × 200; B: The expression of IL-26 receptor in human colonic SEMFs isolated from four different surgical samples. The expression of IL-26 receptor was evaluated by RT-PCR. SMA: Smooth muscle actin; IL: Interleukin; SEMFs: Subepithelial myofibroblasts.](WJG-23-5519-g003){#F3}

We also confirmed the IL-20R1 and IL-10R2 expression in isolated human colonic SEMFs. As shown in Figure [3B](#F3){ref-type="fig"}, isolated human colonic SEMFs expressed IL-20R1 and IL-10R2 mRNAs.

Effects of IL-26 in SEMFs
-------------------------

Based on the expression of IL-26 receptor in colonic SEMFs, we examined the biological effect of IL-26 on human colonic SEMFs *in vitro*. The cells were incubated with IL-26 (100 ng/mL) for 12 h, and then IL-6 and IL-8 levels in supernatants were evaluated using ELISA. As shown Figure [4A](#F4){ref-type="fig"}, IL-26 induced a significant increase in the secretion of IL-6 and IL-8. These responses were also confirmed at the mRNA levels. IL-26 dose- and time-dependently induced the mRNA expression of IL-6 and IL-8 (Figure [4B](#F4){ref-type="fig"} and C).

![Secretion of interleukin-6 and interleukin-8 in response to interleukin-26 stimulation in human colonic subepithelial myofibroblasts. A: The cells were stimulated for 12 h with 100 ng/mL of IL-26, and the secretion of IL-6 and IL-8 in supernatants were determined using ELISA; B: Dose-dependent effects of IL-26 on IL-6 and IL-8 mRNA expression. Cells were stimulated for 3 h with increasing concentrations of IL-26, and the mRNA expression of IL-6 and IL-8 was then determined using real-time PCR. The mRNA expression of IL-6 and IL-8 was converted to a value relative to β-actin mRNA expression and presented as fold-increase relative to the results for medium alone; C: The kinetics of IL-6 and IL-8 induction by IL-26. Human colonic SEMFs were stimulated with 100 ng/mL of IL-26 for the indicated predetermined times, and the mRNA expression of IL-6 and IL-8 was then determined using real-time PCR. The mRNA expression of IL-6 and IL-8 was converted to a value relative to β-actin mRNA expression and presented as fold-increase relative to the results for medium alone (no stimulation). Data are expressed as mean ± SE of four independent experiments. ^a^*P* \< 0.05, ^b^*P* \< 0.01 *vs* control. IL: Interleukin; SEMFs: Subepithelial myofibroblasts.](WJG-23-5519-g004){#F4}

Activation of STAT1 and STAT3 by IL-26 in human colonic SEMFs
-------------------------------------------------------------

It has been previously reported that the activation of STAT1 and STAT3 is induced by IL-26\[[@B16],[@B22]\]. Therefore, we examined whether IL-26 induced the phosphorylation of STAT1 and STAT3 in human colonic SEMFs. IL-26 induced the phosphorylation of STAT1 and STAT3 as early as 5 min after stimulation with IL-26 (Figure [5A](#F5){ref-type="fig"}).

![Involvement of STAT1, STAT3, MAPKs and PI3K/Akt activation in interleukin-26-stimulated interleukin-6 and interleukin-8 induction. A: STAT1 and STAT3 activation in response to IL-26. Human colonic SEMFs were stimulated with 100 ng/mL of IL-26 for the indicated pre-determined times, and the phosphorylation (P-) of STAT1 and STAT3 was evaluated by immunoblot analyses. The data are representative of two independent experiments; B: The effects of siRNAs for STAT1 and STAT3 on IL-26-induced mRNA expression of IL-6 and IL-8. Cells were transfected with siRNA for STAT1 and STAT3 or control siRNA, and were incubated for 3 h with or without 100 ng/mL of IL-26. The mRNA expression of IL-6 and IL-8 was then evaluated using real-time PCR. The mRNA expression of IL-6 and IL-8 was converted to a value relative to β-actin mRNA expression and presented as fold-increase relative to the results for medium alone (no stimulation); C: MAPKs and PI3K/Akt activation in response to IL-26. Human colonic SEMFs were stimulated with 100 ng/mL of IL-26 for the indicated pre-determined times, and the phosphorylation (P-) of MAPKs and PI3K was evaluated by immunoblot analyses. The data are representative of two independent experiments; D: Effects of inhibitors of MAPKs and PI3K/Akt on IL-6 and IL-8 induction by IL-26 in human colonic SEMFs. The cells were pretreated with 10 μmol/L of a p38 MAPK inhibitor (SB203580) or an MEK1/2 inhibitor (U0216 or PD098059), or with 3 μmol/L of a JNK inhibitor (JNK inhibitor I) or 25 μmol/L of a PI3K inhibitor (LY294002) for 30 min, and were then incubated with or without 100 ng/mL of IL-26 for 3 h. The mRNA expression of IL-6 and IL-8 was converted to a value relative to β-actin mRNA expression and presented as fold-increase relative to the results for medium alone. Data are expressed as mean ± SE of four independent experiments. ^a^*P* \< 0.05, ^b^*P* \< 0.01 *vs* IL-26 stimulation. IL: Interleukin; SEMFs: Subepithelial myofibroblasts.](WJG-23-5519-g005){#F5}

Involvement of STAT1 and STAT3 activation in IL-26-induced IL-6 and IL-8 was tested using siRNA specific for STAT1 and STAT3. As shown in Figure [5B](#F5){ref-type="fig"}, the siRNA specific for STAT1 and STAT3 significantly suppressed IL-26-induced mRNA expression of IL-6 and IL-8 effectiveness of siRNA for STAT1 and STAT3 is presented in Figure [6A](#F6){ref-type="fig"}. These findings indicated that the activation of STAT1 and STAT3 is involved in the induction of IL-6 and IL-8 by the stimulation of IL-26 in human colonic SEMFs.

![Effect of siRNA. A: Effect of siRNAs specific for STAT1 and STAT3 in human colonic subepithelial myofibroblasts. The cells were transfected with siRNAs specific for STAT1 and STAT3. A control siRNA was also used. The effect of siRNAs was evaluated using real-time PCR. The expression of STAT1 and STAT3 was significantly suppressed by specific siRNAs as compared to a control siRNA. STAT1 and STAT3 mRNA expression was converted to a value relative to β-actin mRNA expression and presented as fold-increase relative to the results for medium alone (no stimulation); B: Effect of siRNAs specific for NF-κBp65 and c-Jun (AP-1) in human colonic subepithelial myofibroblasts. The cells were transfected with siRNAs specific for NF-κBp65 and c-Jun (AP-1). A control siRNA was also used. The effect of siRNAs was evaluated using real-time PCR. The expression of NF-κBp65 and c-Jun (AP-1) was significantly suppressed by specific siRNAs as compared to a control siRNA. The mRNA expression of NF-κBp65 and c-Jun (AP-1) mRNA was converted to a value relative to β-actin mRNA expression and presented as fold-increase relative to the results for medium alone (no stimulation). Data are expressed as mean ± SE of four independent experiments. ^b^*P* \< 0.01 *vs* medium. n.s.: Not significant.](WJG-23-5519-g006){#F6}

Activation of ERK1/2, SAPK/JNK1/2 and Akt by IL-26 in colonic SEMFs
-------------------------------------------------------------------

The MAPKs and Akt are involved in the cytokine signaling in various kinds of cells. We examined whether IL-26 activates MAPKs and Akt using immunoblot analysis. As shown in Figure [5C](#F5){ref-type="fig"}, IL-26 induced a phosphorylation of MAPKs, including p42/44MAPK, SAPK/JNK, and p38MAPK, and Akt as early as 5 min after stimulation with IL-26. Moreover, MEK1/2 inhibitors (PD098059 and U0216), a p38 MAPK inhibitor (SB203580), a JNK inhibitor (JNK inhibitor 1) and a PI3K inhibitor (LY294002) significantly suppressed IL-26-induced IL-6 and IL-8 mRNA expression (Figure [5D](#F5){ref-type="fig"}). These findings indicate that the activation of MAPKs and the PI3K/Akt pathway is involved in the IL-26-induced IL-6 and IL-8 expression in human colonic SEMFs.

Activation of NF-κB and AP-1 by IL-26
-------------------------------------

The expression of a number of inflammatory genes is regulated by the activation of transcription factors such as NF-κB and AP-1\[[@B36]\]. In the nuclear proteins, the expression of NF-κB and phosphorylated c-Jun was clearly detected after IL-26 stimulation (Figure [7A](#F7){ref-type="fig"}). The siRNAs specific for NF-κBp65 and c-Jun (AP-1) significantly suppressed the mRNA expression of IL-6 and IL-8 effectiveness of siRNA for NF-κBp65 and c-Jun (AP-1) is presented in Figure [6B](#F6){ref-type="fig"}, (Figure [7B](#F7){ref-type="fig"}). These findings indicate an involvement of NF-κB and AP-1 activation in IL-26-induced IL-6 and IL-8 expression. As shown in Figure [7C](#F7){ref-type="fig"}, IL-26-induced NF-κBp65 phosphorylation was suppressed by PI3K inhibitor (LY294002), but was not affected by MAPKs. On the other hand, IL-26-induced AP-1 (c-Jun) phosphorylation was suppressed by both MAPKs and PI3K inhibitor. These findings indicate that PI3K, but not MAPKs, plays a role in IL-26-induced NF-κB activation, but that both MAPKs and PI3K activation are involved in IL-26-induced AP-1 activation.

![Involvement of nuclear factor-κB and AP-1 activation in the induction of inflammatory mediators induced by interleukin-26. A: Activation of NF-B and AP-1 (c-Jun) in response to IL-26 in human colonic SEMFs. The cells were stimulated with 100 ng/mL of IL-26 for 15 min, following which nuclear proteins were extracted and analyzed by immunoblotting for NF-κB (p65) and phosphorylated (P-) c-Jun. Lamin A/C was used as a loading control. The data are representative of two individual experiments; B: The effects of siRNAs specific for NF-κBp65 and c-Jun (AP-1) on IL-26-induced expression of IL-6 and IL-8 in human colonic SEMFs. The cells were transfected with siRNA specific for NF-κBp65, c-Jun (AP-1) or a control siRNA, and were incubated for 24 h with or without 100 ng/mL of IL-26. The mRNA expression of IL-6 and IL-8 was evaluated using real-time PCR. The mRNA expression of IL-6 and IL-8 mRNA was converted to a value relative to β-actin mRNA expression and presented as fold-increase relative to the results for medium alone (no stimulation). Data are expressed as mean ± SE of four independent experiments. ^a^*P* \< 0.05 *vs* IL-26 stimulation; C: The effect of MAPKs and PI3K/Akt on the activation of NF-κBp65 and c-Jun (AP-1). The cells were pretreated with 10 μmol/L of a p38 MAPK inhibitor (SB203580) or an MEK1/2 inhibitor (U0216 or PD098059), or with 3 μmol/L of a JNK inhibitor (JNK inhibitor I) or 25 μmol/L of a PI3K inhibitor (LY294002) for 30 min, and were then incubated with or without 100 ng/mL of IL-26 for 15 min. Nuclear proteins were then extracted and analyzed by immunoblotting for NF-κBp65 and phosphorylated (P-) c-Jun. Lamin A/C was used as a loading control. The data are representative of two individual experiments. IL: Interleukin.](WJG-23-5519-g007){#F7}

DISCUSSION
==========

In the present study, we demonstrated that: (1) the expression of IL-26 is enhanced in the inflamed mucosa of UC and CD patients; (2) human colonic SEMFs express IL-26 receptor complex IL-10R2/IL-20R1 *in vivo* and *in vitro*; (3) human colonic SEMFs secrete inflammatory mediators in response to IL-26 stimulation; and (4) IL-26 induced inflammatory mediators *via* the activation of STAT1/3 and MAPKs/PI3K followed by the activation of NF-κB/AP-1. These observations suggest that IL-26 plays a role in the pathophysiology of IBD.

In this study, we found that IL-26 mRNA expression was enhanced in the inflamed mucosa of UC and CD patients. Its expression was higher in the active mucosa of CD patients than in the active mucosa of UC patients. These findings are similar to our previous observation that mucosal mRNA expression of Th17 cytokines, such as IL-17 and IL-22, was enhanced in the inflamed mucosa of UC and CD patients\[[@B29],[@B37]\]. The mRNA expression of either IL-17 or IL-22 was higher in CD patients than UC patients\[[@B29],[@B37]\]. Th17 cells are now recognized as one of the cellular sources of IL-26\[[@B15]\]. These findings suggest that the IL-26-expressing CD4^+^ T cells in this study are probably Th17 cells and that Th17 cells are more closely associated with the pathophysiology of CD patients than UC patients.

In the intestinal mucosa, CD56^+^NCR^+^ type 3 innate lymphoid cells (ILC3s), a subclass of CD56^+^ NKp44^+^ NK cells, have been reported to concomitantly express IL-22 and IL-26, especially following stimulation with IL-23\[[@B11]\]. This suggests that the IL-26-producing CD56^+^ cells in our study may be NCR^+^ ILC3s. Our observation of IL-26 expression by CD68^+^ macrophages is supported by the recent report that CD68^+^ macrophages are the main IL-26-producing cells in joints with rheumatoid arthritis\[[@B15]\]. Thus, our observations in this study indicate that various types of immune cells are producing IL-26 in the inflamed mucosa of IBD. Further investigation using more precise cellular markers should be performed to more clearly identify the cellular source of IL-26 in the inflamed mucosa of IBD.

There are some reports concerning the *in vivo* expression of IL-26 under normal and pathological conditions. Corvaisier et al\[[@B15]\] demonstrated a pathogenic role of IL-26 in rheumatoid arthritis on the basis of its capacity to induce pro-inflammatory cytokines. IL-23-induced IL-26 plays a role in the pathophysiology of psoriasis\[[@B8]\]. Moreover, Dambacher et al\[[@B16]\] have reported that IL-26 modulated proliferation and pro-inflammatory gene expression in colon cancer cells and that IL-26 expression was upregulated in active CD, suggesting a role of IL-26 in the innate host cell response during intestinal inflammation. In addition, a genome-wide association study identified IL-26 as one of the susceptibility genes associated with UC\[[@B38]\], suggesting a pathophysiological role of IL-26 in patients with UC. However, previous studies of the clinical role of IL-26 mainly focused on CD rather than UC\[[@B16]\]. In this study, we found that IL-26 was enhanced in the inflamed mucosa of patients with UC, as well as patients with CD. In addition, human colonic SEMFs were expressing functionally-active IL-10R2 and IL-20R1 and secreted inflammatory cytokines in response to IL-26. This phenomenon is supported by previous reports that the expression of IL-20R1 is restricted within non-hematopoietic cells\[[@B19],[@B21]\]. These observations suggest an interaction between IL-26 and colonic SEMFs in inflammatory responses in the colonic mucosa. IL-26 may stimulate the induction of inflammatory mediators from colonic SEMFs and possibly contributes to the inflammatory responses in IBD mucosa. However, recent studies have revealed that Th17-derived cytokines, such as IL-17 and IL-22, possess conflicting (pro-inflammatory and protective) roles in the mucosa\[[@B39]\]. So, further investigations to determine whether IL-26 production is ultimately tissue protective or a signiﬁcant source of tissue damage in IBD mucosa are required in the future.

There are a few reports concerning the signaling pathway of IL-26 in the colonic tissue. A previous report using transformed epithelial cell lines suggested that IL-26 induces activation of STAT1/3, ERK1/2, SAPK/JNK1/2 and Akt\[[@B16]\]. To our knowledge, this is the first report to state that IL-26 activates STAT1/3 and leads to the induction of IL-6 and IL-8 expression in non-transformed cells derived from human colon. We have also revealed that IL-26 induced the activation of MAPKs, including ERK1/2, p38MAPK and SAPK/JNKL1/2, and PI3K/Akt. Furthermore, we found that PI3K, but not MAPKs, plays a role in IL-26-induced NF-κB activation, but that both MAPKs and PI3K activation were required in IL-26-induced AP-1 activation. These results indicate that IL-26-induced inflammatory responses in the colonic mucosa are mediated by various signaling pathways including STAT1/3, MAPKs and PI3K/Akt, followed by the activation of NF-κB and AP-1.

In conclusion, we demonstrated that the expression of IL-26 is increased in the inflamed mucosa of IBD patients. In human SEMFs, IL-26 induced an activation of STAT1/3 and MAPKs/PI3K, leading to an activation of NF-κB and AP-1. Since the IL-26 gene has not been identified in rodents, the experiments using human colonic SEMFs will contribute to the investigation of the true role of IL-26 in gut inflammation.

COMMENTS
========

Background
----------

Recent studies have reported that interleukin (IL)-26 is involved in the pathophysiology of chronic inflammatory disorders. Concerning inflammatory bowel disease (IBD), the pathological role of IL-26 has been reported in Crohn's disease (CD), but remains unclear in ulcerative colitis. Moreover, functional analysis of IL-26 has been studies using a transformed cell line, but there are no reports using primary culture cells.

Research frontiers
------------------

The authors found that the expression of IL-26 was enhanced in the inflamed mucosa of IBD as compared to in the normal mucosa. The cellular source of IL-26 in the inflamed mucosa are CD4^+^ T cells, NK cells, and macrophages. Human colonic subepithelial myofibroblasts (SEMFs) are target cells of IL-26 in the mucosa of IBD.

Innovations and breakthroughs
-----------------------------

This study revealed that IL-26 enhanced the induction of inflammatory mediators, IL-6 and IL-8, in the human colonic SEMFs. The inhibitors of IL-26 signaling pathway significantly suppressed the induction of IL-6 and IL-8. The inhibition of IL-26 signaling may lead to the suppression of intestinal inflammation.

Applications
------------

The results of this study indicated that IL-26 may an important role in the pathogenesis of IBD. The authors suggested that IL-26 can a therapeutic candidate for IBD.

Terminology
-----------

IL-26 is a member of the IL-10 cytokine family. IL-26 is located on chromosome 12q5. IL-26 requires the heterodimeric receptors composed of IL-20R1 and IL-10R2.

Peer-review
-----------

The authors demonstrated that an increased expression of IL-26 in the inflamed mucosa of IBD patients and explored its possible pathway in IBD pathology. The study is well designed and the demonstration seems sufficient.
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